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Abstract
The durability of 2 commercially available injection mold grades and one extrusion grade of
poly lactic acid (PLA) was assessed. Here, the materials were exposed to elevated
temperatures/humidity for a period of several weeks. Moisture absorption, molecular weight
change, mechanical properties, the crystallinity changes, and microscopic imaging were all
monitored at regular intervals throughout the course of the combined heat and humidity ageing
study. The conditions for the ageing study were set at 60°C and 45% relative humidity and all
three PLA grades showed significant increase in crystallinity and conversely reduced
mechanical performance over the 68-day ageing period. Microscopic images of the materials
suggested that surface degradation was not dominant. It is known that the moisture absorption
of PLA which is revealed by weight gain is usually low for PLA, but the amount absorbed is
sufficient to induce bulk degradation, and the mechanical performance were reduce over the
ageing period. All materials exhibited a loss in molecular weight over time. The molecular
weight at any given time was reflective of the starting molecular weight and thus the extrusion
grade PLA showed better mechanical performance than the injection mold grades at any given
time. This behavior was satisfactorily modeled using an acid catalyzed hydrolysis model.
Interestingly the higher molecular weight PLA exhibited slower degradation kinetics as
compared to the lower molecular weight injection molding grades. This study showed that
commercially available PLA resins, are not suitable for use in the applications that require long
sustained durability in environmental conditions such as these where high temperature and
humidity are encountered for any appreciable amount of time.
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Project Overview
Polymers have been considered the wonder material of the 20th century and it is justified by the
number of applications it has. The chemistry involved in the making of polymers makes the
material a very robust and tough material and can be used in multiple applications. The
automobile, clothing, packaging, construction, and many other industries cannot work without
the polymers which are produced for the specific applications. To ensure that products
produced by these materials meet the application requirements, these industries have started
focusing on the end-use and the lifetime prediction of the product. Sustainable polymeric
materials, such as those that are biodegradable, find usage primarily in single-use applications.
To determine whether these types of materials can be used in durable applications requires the
collection of data under more aggressive conditions. Likewise, increasing the biodegradability
of the polymer materials that are being developed is a major concern and research needs to be
done in that direction for better and more sustainable products. This would better define
practical applications. In this project, a range of bio plastics are investigated for potential use
in a medical packaging application. To accomplish this, the research team had outlined the
following key stages as depicted below in Table 1.
Following a literature review, poly (l-lactic acid) PLLA was selected as a biodegradable
alternative to PP because of its semicrystalline nature and comparable properties (e.g. high
tensile strength and similar melting temperature). It also has the potential to crystalize, which
may offer the ability to tune hydrolytic degradation resistance. Three commercially available
PLLAs, differing in molecular weight, were selected and sourced from Total Corbion in the
form of thermoplastic resin pellets, molded into test plaques at Bausch and Lomb (B&L), cut
into tensile specimens that are subsequently annealed and subjected to heat ageing at elevated
temperature (60ºC/45% RH) in an environmental chamber. The changes in thermal behaviour,
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mechanical performance, moisture content, chemistry (via FTIR) was analysed to draw
conclusions concerning the influence of molecular weight on the ability of PLLA to withstand
these ageing conditions.
Sr.
No.

Phase Item

Activity

Milestone/Deliverable

1

Identify candidate materials

Literature review

Literature review outline (First
milestone)

2

Identify candidate materials

Literature review

Final Literature review

3

Screening of commercially
available materials

Experimental

Outline of experimental plan
and methods

4

Screening of commercially
available materials

Experimental

Draft summary of initial
experimental data –
Accelerated RH/heat aging
results (Project midpoint)

5

Project summary

Report/ Thesis

First draft of final report

6

Project summary

Report/ Thesis

Completed final report

Table 1 – Key stages of the project
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1.0 Introduction
1.1 Research Problem
In today’s world, single-use items are widely used and many of the products that we use in our
daily activities are made from plastics. Since its invention, new polymers and polymer
formulations have been developed to meet the demands of various industries and commercial
products. Products such as rubbers, clothes, containers, electrical appliances, construction
materials, aircraft and automobiles have some form of plastic integrated into them in some way
or the other. In the early years during the evolution of humankind and through the industrial
revolution it was the need of the hour to find a cheap alternative to metals and materials that
were used to manufacture everyday products. At this time, little attention was paid as to the
end-of-life scenario of disposed products, so the plastics were dumped into the oceans and
landfills. Reality struck when researchers found that most synthetic polymers do not degrade
and have adverse effects on the environment. The pollution that disposed plastics cause is a
major concern and one potential solution to this problem is to develop biodegradable polymers.
Biodegradable polymers are already used in the pharmaceutical industries, but their properties
and rates of reaction are not understood completely. For our medical packaging material needs,
we require a shelf life of 2 to 3 years and one that degrades at a fast rate in the natural
environment, upon disposal. The natural setting could be room temperatures and a certain
amount of relative humidity. There has been research on PLA, PLGA, PCL, and other various
biodegradable materials and we know from those studies that the rate of degradation is slow at
room temperature. Hence, we need to test these materials in environments with varying
temperatures and humidity conditions. The digestors could be an option where the specific
materials can be fed, and the temperature and humidity settings can be adjusted with the
introduction and addition of microorganisms for the degradation process to speed up. These

8

Manufacturing and Mechanical Engineering Technology
Rochester Institute of Technology

methods need to be extensively researched in terms of simulating the actual scenario in the lab
and predicting the actual biodegradation rates and degradation mechanisms of specific
materials for their future use.
This study provides a pathway for future research into single-use plastics, which satisfy the
current consumer needs of biodegradability and ease of use.
Hence our application requires materials with high biodegradability, tensile strength, and high
thermal resistance. They also need to have a shelf life of 2 to 3 years and the ability to be easily
manufactured (e.g. by injection moulding). A few other requirements of the proposed medical
packaging application are consumer accessibility and a compact design.

2.0 Literature Review
From the invention of plastic in the 18th century, to the introduction of Tupperware to the
market in the 1940s and to the latest gadgets, what you are eating in for lunch, to your favourite
beauty products, the plastic packaging industry has almost covered every domain there is.
Plastics are the wonder material of the previous century and in today’s commodity world, a lot
of products in various industries have plastic integrated into the product. Their omnipresence
is because of their excellent and customizable material properties, namely strength and
flexibility, and their ability to be formed into the desired shape at relatively low cost. The other
properties that make plastic an excellent material for multiple industry applications are its
toughness and its high strength to weight ratio. (Bronwyn Laycock, Melissa Nikolić, John M.
2009)) With extensive applications and use, the research in the packaging industry picked up a
huge boom in the 20th century. The first man-made plastic was derived from cellulose, and it
was bio-based. It could be moulded when heated and retained its shape when cooled. With the
invention of cellophane, a fully transparent, flexible and water-impermeable wrap back in the
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early 1900’s the various applications in terms of packaging were imagined and were researched
about. After nearly about 100 years of various innovations, Polylactic acid (PLA) made from
corn was introduced to the packaging market completing the cycle of innovation and bringing
back bio-based plastic to packaging. (Reddy, M. M., Vivek anandhan, S., Misra, M., Bhatia, S.
K., & Mohanty, A. K. (2013).) Plastic film and other disposable items made from polyethylene
alone, which are the most widely used material for plastic bags, products etc. have a global
demand of 40 million tonnes and will keep increasing with the increasing consumer behaviour.
Currently, the shift towards biodegradable polymers from traditional polyolefins such as
polyethylene has been the considerable interest of various industries and researchers. The
reason being concerns about land, water and, the marine pollution that results from the inherent
resistance of polyolefins to environmental degradation. Biodegradable plastics have two
origins. One can be from renewable sources (e.g., Starch and polyhydroxy alkanoates) or
biodegradable synthetic polymers (e.g. Petroleum derived polymers such as polycaprolactone).
Polysaccharides and aliphatic/aromatic polyesters are the two most widely studied
biodegradable polymers. Polysaccharides are typical biologically derived polymers, while
aliphatic polyesters are typical synthetic biopolymers. According to their degradation
properties they can be classified into biodegradable and non-biodegradable polymers.
Biopolymers are a type of biomaterial which plays an important role in human health. In recent
years, developments in tissue engineering, regenerative medicine, controlled drug therapy, etc.
have promoted the need for new properties of biomaterials with different rates of
biodegradability. Biologically derived and synthetic biodegradable polymers have attracted
considerable attention. Biopolymers with diverse specific properties are required for
biomedical applications and hence in such cases, synthetic biopolymers are attractive
alternatives. Biologically derived polymers possess good biocompatibility and trigger reactions
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with human cells and hence appropriate synthetic polymers are preferred in such cases.
Chemical modifications of bio-based materials are difficult and affect the bulk properties of
the material. In contrast, for synthetic biopolymers, a variety of properly designed
modifications are possible without altering the bulk properties.
Section 2.0 will discuss the degradation of biodegradable plastics in detail. Degradation of
polymers can be defined as “a deleterious change in chemical structure, physical and chemical
properties, appearance of a polymer, which may result from chemical cleavage of the
macromolecules forming a polymeric substance, regardless of the mechanism of chain
cleavage.” (Laycock, B., Nikolić, M., Colwell, J. M., Gauthier, E., Halley, P., Bottle, S., &
George, G. (2017)) Such degradation produces changes in mechanical, optical, or electrical
characteristics, through crazing, cracking, erosion, discoloration, and phase separation.
Polymer degradation can be classified into six high level groups as photo-oxidative, thermo
oxidative, ozone-induced, mechanochemical, hydrolytic, catalytic depending on the
mechanism. (Singh, B., & Sharma, N. (2008).) There are different stages of degradation of
conventional biodegradable plastics, but the primary mode of degradation is chain cleavage
through hydrolysis (either through abiotic (non-enzymatic or enzyme-promoted) or biotic
pathways (Reddy, M. M., Vivek anandhan, S., Misra, M., Bhatia, S. K., & Mohanty, A. K.
(2013).) Disposable medical devices such as syringes, injection pipes, surgical gloves, pads,
etc. are usually made of non-biodegradable plastics as they are created for single time use. This
can lead to serious environmental and economic issues over the long term. There are several
biodegradable polymers that could be considered as replacement polymers for various
applications. PLA, poly(glycolide), poly [D, L-(lactide-co-glycolide] and PCL are all
promising materials for use in durable applications meeting environmentally friendly
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requirements. These materials will likely have a wide set of commercial applications. (Tian,
H., Tang, Z., Zhuang, X., Chen, X., & Jing, X. (2012)).

2.1 Material Review
2.1.1. Poly Caprolactone (PCL)
PCL is generally prepared from the ring-opening polymerization of ϵ-caprolactone (Figure 1).
It has been thoroughly studied as a substrate for biodegradation and as a matrix in controlled
release systems for drugs.

Figure 1: Polymerization of Poly(caprolactone), via ring-opening polymerization mechanism
Tensile
Tg

Tm

Polymer Full Name

Youngs
% Elong. at

Strength
(°C)

(°C)

Modulus
break

(Mpa)
PCL

Polycaprolactone -60

59-64

4-28

(GPa)
700-1000%

0.390-0.470

Table 1 – Key properties of PCL
It has excellent toughness and impact strength with a crystallinity of around 50%. PCL is
mostly used in medical applications because of its biocompatibility properties. PCL is one of
the most widely preferred synthetic polymers approved by the FDA and used in the biomedical
field. It has a slow degradation rate, good biocompatibility, and good mechanical properties. It
also is hydrophobic in nature and lacks functionality by incorporating other biomolecules
which lead to the development of hybrid materials. Surface modifications is an approach
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adopted to enable facile tuning of its physicochemical and biological properties. (Woodruff,
M. A., & Hutmacher, D. W. (2010).) Gümüşderelioğlu, M., Dalkıranoğlu, S., Aydın, R. S. T.,
& Çakmak, S. (2011)).

Figure 2 – Repeat unit for PCL
Food packaging and mulch films are two other industries where PCL has its applications. Low
melt temperature and high costs are some of the unfavourable characteristics of PCL that
reduces its use in commercial products. PCL can be blended with other polymers to retain
biodegradability and reduce cost of the resulting material. (Muthuraj, R., Misra, M., &
Mohanty, A. K. (2018))

2.1.2 Polylactic acid (PLA)
Poly lactic acid (PLA) is perhaps the most frequently studied biodegradable polyester for
environmental applications due to its mechanical and thermal properties. Commercial PLA
grades are copolymers of poly (L-lactic acid) and poly (D, L-lactic acid) which are produced
from monomers of L-lactide and D, L-lactide, respectively. In Figure 3 and 4 as shown below
are the structures of PLLA and PDLA.
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Figure 3 – Repeat unit of Poly L lactic acid

Figure 4 – Repeat unit of Poly D, L lactic acid
The PLA being amorphous or semi-crystalline can be determined by the ratio of L to D
enantiomers. (Fukushima, K., Feijoo, J. L., & Yang, M. (2013).) PLA has many advantageous
properties such as biodegradability, mechanical strength, renewable source and low-cost.
However, some properties such as low thermal resistance and inherent brittleness are some of
the challenges. PLA with biodegradable natural biopolymers and synthetic polymer blends of
different monomers and nanocomposites have been prepared to eliminate the challenges. The
lysable esters are present in the compound which means hydrophilicity and good degradation
capability. Whereas PLA’s oligomeric orientation provides different properties. The L
enantiomer formation promotes biodegradation, and the D enantiomer forces racemization.
Enzymatically, the presence of the L lactate also means a higher rate of degradation. The
branching in the PLA means less assimilation where the carboxyl group is hydrophilic and
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promotes the biodegradability of the product. The CH3 group is more of a hindrance to that
mechanism that helps degrade the material.
Tensile
Material

Tg (°C)

Modulus

%

(GPa)

Elongation

Tm (°C)

Strength
(MPa)

Polylactide (PLA)

50 - 70

90 - 180

0.08 - 13.8

0.5 - 700

14 - 117

Table 2 – Properties of PLA
For example, blending PLA with PCL can improve properties. As described in the previous
section, PCL is a biodegradable semi-crystalline polyester with a degree of crystallinity around
50%, low glass transition temperature and melting point. A high elongation at break, low
modulus and low processing temperatures are properties that will be favourable, and which can
be fused with PLA for certain applications (Fukushima, K., Feijoo, J. L., & Yang, M. (2013).)

2.1.3 Poly (butylene adipate co-terephthalate) (PBAT)
PBAT is a linear statistical aliphatic-aromatic co-polyester consisting of 1,4-butanediol and
terephthalic acid monomers as rigid units and 1,4-butanediol and adipic acid monomers as
flexible units. PBAT is a biodegradable and biocompatible polymer synthesized by a
polycondensation reaction of adipic acid, terephthalic acid and 1,4-butanediol. It has
applications ranging from packaging films and biomedical applications. Modulus and stiffness
remain a challenge for this polymer, limiting its broad application. Biodegradability can be
enhanced by the addition of various biocompatible materials. (Chandra, R., & Rustgi, R.
(1998). uthuraj, R., Misra, M., & Mohanty, A. K. (2018)) Biodegradation of poly (butylene
adipate co-terephthalate) has been extensively studied and much research work has been done
about its degradation by bacteria from compost, soil and freshwater in the natural environment.
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Figure 5 - Poly (butylene adipate co-terephthalate)
Mechanical properties of PBAT, such as flexibility and resilience, are very similar to that of
low-density polyethylene. As such this material finds usage in many applications in the
commercial space such as plastic bags and wraps. PBAT with the content of terephthalic acid
higher than 35 mol% has better mechanical and thermal properties. Recent studies have shown
that the aliphatic-aromatic co-polyester and polylactide commercial blend demonstrates good
stability during aging in cosmetic simulants, which is important for prospective applications of
this polymeric material as compostable packing for products with a long shelf-life (Sikorska et
al., 2017) The structure of PBAT is shown above as a block co-polymer. PBAT has an aromatic
ring, which provides excellent physical properties along with the aliphatic chains providing
degradation properties in several conditions. With promising applications in various industries,
its poor mechanical properties limit its use, especially where good fatigue, tensile strength,
wear resistance, hardness, stiffness and low density are needed. (Pinheiro, I. F., Ferreira, F. V.,
Souza, D. H. S., Gouveia, R. F., Lona, L. M. F., Morales, A. R., & Mei, L. H. I. (2017).)

Material

Tg

Tm

Modulus

(°C)

(°C)

(GPa)

-30

116

% Elongation

Tensile Strength
(MPa)

Poly (butylene adipateco-terephthalate)
(PBAT)
Table 3 – Properties of PBAT

2.03

180

30
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Blends of PBAT are extensively studied to overcome these above-mentioned properties. One
such blend is the PLA/PBAT blend where the PBAT is produced from fossil fuels has an
aromatic ring which provides excellent physical properties along with the aliphatic chains
providing degradation properties in several conditions. PBAT can also improve the fragile
physical properties of PLA along with improving the elongation at break and crystallinity. PLA
on the other hand improves the strength and toughness of PBAT making the PLA PBAT blend
a good material for various applications. (Palsikowski P. et al (2018)) It was found that the
results of PLA/PBAT blend films which were exposed to accelerated degradation experiment
demonstrated that the degradation was essentially related to the hydrolysis of ester bonds, and
the degradation rate can be controlled by the proportion of PLA and PBAT. A higher
percentage of PBAT in the blend also resulted in a significant decrease in the glass transition
temperature. It was found that PLA degradation in the natural environment was a very slow
process and PBAT/PLA blends had an even slower rate of degradation but degraded
completely. This needs to be studied more to improve the biodegradation rates of the blends.
(Ren, Y., Hu, J., Yang, M., & Weng, Y. (2019)).

2.1.4 Poly (butylene succinate) (PBS)
In recent years amongst the aliphatic polyester class polybutylene succinate has been receiving
increasing attention for possible application in biomedicine. Synthesis of PBS is by a two-step
polycondensation reaction: in the first step, esterification, or transesterification of dimethyl
succinate (DMS) takes place where removal of water occurs. In the second step, high
molecular weight PBS is obtained where polycondensation occurs at a higher temperature and
under reduced pressure to remove butanediol (BD) (Gigli, M., Lotti, N., Gazzano, M., Finelli,
L., & Munari, A. (2012) PBS exhibits good mechanical properties and thermal properties, high
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chemical resistance, great availability, and lower material cost over some other biodegradable
polymers. PBS production also involves polyalkylene succinate, which is synthesized from
petrochemical sources. Various manufacturers are developing methods to produce PBS with
bio-based succinic acid, but synthetic PBS is still more common in the market.

Figure 6: Poly (butylene succinate) (PBS)
Poly (butylene succinate) (PBS) appears to be a promising bio polyester. PBS offers numerous
advantages when produced from renewable resources and are considered biodegradable and
biocompatible. 1,4- butanediol (BD) is the other monomer used in the PBS synthesis and could
be easily obtained giving access to a fully bio-based PBS. Good mechanical properties and
ductility of bio-based PBS could be a very interesting substitute for polyolefins in some
applications. In addition, they present good processability as well as good mechanical and
thermal properties which make them suitable for packaging applications. However, they are
found to be exhibit poor moisture resistance. (Charlon, S., Follain, N., Soulestin, J., Sclavons,
M., & Marais, S. (2017).) Some of their thermal properties are listed below.

Polymer

PBS

Full Name

Polybutylene
succinate

Tg
(°C)

-40

Tm (°C)

114-118

Table 4 – Thermal and mechanical properties of PBS

Tensile

%

Youngs

Strength

Elong. at

Modulus

(Mpa)

break

(GPa)

55

31%

0.03-0.07
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Blending PBS with other materials is an option to modify its properties to suit more towards
the required application. For example, the biodegradability of PBS/PLA blend with benzoyl
peroxide (BPO) was studied. BPO was added as a crosslinking agent. They found that the
addition of PLA to PBS resulted in a decrease in elongation at break as compared to neat PBS
but an increase in tensile strength was observed. In this study they found that tensile strength
were optimal at a ratio of PBS:PLA of 20:80 and this was further improved through
crosslinking (Hu, X., Su, T., Li, P., & Wang, Z. (2018)).

2.1.5 Polyhydroxy alkanoates (PHA)
Polyhydroxy alkanoates (PHA) are a group of polyesters that are produced by microbial
fermentation. Due to their biocompatibility, biodegradability, and production from renewable
resources, PHA’s have been extensively explored in recent years for use in medicine. PHA’s
are used to develop sutures, cardiovascular patches, and orthopaedic pins, tissue-engineered
nerve, tendon and articular cartilage, repair patches, slings, adhesion barriers, wound dressing,
and in controlled drug delivery. (Hazer, D., Kilicay, E., & Hazer, B. (2012))

Figure 7 - Poly-(R)-3-hydroxybutyrate (P3HB), a type of PHA
(wikipedia.org/wiki/Polyhydroxybutyrate)
PHA’s include a variety of different materials and each material has different properties with
different repeat units. PHAs are high molar mass polyesters, and the most abundant PHA
family member is the homopolymer P(3HB) whose modulus and tensile strength are very

19

Manufacturing and Mechanical Engineering Technology
Rochester Institute of Technology

similar to propylene. Many other homopolymers and copolymers have been identified.
Depending on the length of their monomers they can be classified either as short or medium
chain length polymers. The chain length of the monomer influences the properties of the PHAs
such as hydrophobicity, melting point, glass transition temperature and the degree of
crystallinity. (Castilho, L. R., Mitchel, D. A., & Freire, D. M. G. (2009)) Some of the PHAs
are given as follows.

Figure 8 - The chemical structures of PHA: (a) P(3HB); (b) P (3HB, 3HH); (c) P(3HB,3HV);
(d) P(3HB,4HB). Weng, Y. X., Wang, X. L., & Wang, Y. Z. (2011).

PHA’s have received a lot of attention since their discovery in 1926 by Lemoigne. The two
main representatives of PHA’s are the short-chain length with 3 to 5 carbon atoms per repetition
unit called SCL and medium-chain length with 6 to 14 carbon atoms per repetition unit called
MCL. The mechanical properties of these two PHA’s are tremendously different. Glass
transition temperatures can be drastically lowered by copolymerization with PHV or P4HB.
PHA’s are brittle with an elongation at break of 15% and tend to have high crystallinity. (Gigli,
M., Fabbri, M., Lotti, N., Gamberini, R., Rimini, B., & Munari, A. (2016).) PHA’s in general
exhibit low mechanical strength. Some of its general properties are mentioned
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Tensile
Tg

Tm

(°C)

(°C)

Polymer

Youngs
% Elong.

Strength
(Mpa)

PHA

2

Modulus

Crystallinity

(GPa)

(%)

1-2

~ 40 - 60

at break

160-175

15-40

1-15%

Table 5 – Properties of PHA (General properties of PHA)
The brittleness of PHA’s has limited its usage in industrial production and application. Blends
and copolymers have both been explored as solutions to overcome the shortcomings. One main
goal of on-going research at the industrial scale is to produce PHA as a cost-effective
replacement for polyethylene or polypropylene. Apart from the wild type strains to produce
PHA, there are some engineered strains of bacteria which are biocompatible in the absence of
any toxic compound generated during polymer degradation. (Luef, K. P., Stelzer, F., &
Wiesbrock, F. (2015).

2.1.6 Poly Hydroxybutyrate (PHB)
Poly (3-hydroxybutyrate (PHB) are a specific type of PHA which are microbial polyesters
presenting the advantages of biodegradability and biocompatibility over other thermoplastics,
along with good mechanical properties. To adjust their performances, they are often blended
with other suitable polymers which could also reduce the cost of production.

Figure 9 – General structure of PHB (https://www.wikiwand.com/en/Polyhydroxybutyrate)
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PHB is an aliphatic polyester with a linear polymer chain that possesses thermoplastic
properties. Its properties include non-toxicity, optical activity, a yellowish coloration (when
pure), good barrier resistance to water, gas permeability, ultraviolet radiation stability and
ability to be processed by extrusion, injection molding, blowing and thermoforming. PHB has
good biodegradability as compared to other biodegradable plastics. Biodegradation of PHA
occurs when the material is exposed to biologically active environments like soil, sea- or freshwater, industrial digesters, and composters.
These environments allow the material to come in contact and react with the active
microorganisms which help in the process of degradation. Activated sludge is another
environment, suited for degradation of PHB in which the material may be discarded without
any environmental impact. Due to its biodegradability and biocompatibility, PHB presents
great potential for applications in the pharmacological, packaging, veterinary, industrial,
agricultural, and biomedical applications. PHB has valuable applications in tissue engineering
and other biomedical related applications, such as surgical sutures, thermo gels, as a controlled
drug release delivery vehicle, surgical meshes, wound dressing and absorbable nerve guides
along with tissue scaffolding for bone and nerve regeneration.

Polymer
PBS

Tg (°C)

Tm (°C)

Tensile Strength (Mpa)

% Elong. at break

-40

114-118

55

31%

Table 6 – properties of PHB
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Here, are some of the applications of PHB in the various industries.
Industry

Application
Sutures, supports of tissue cultures for implants, surgical implants,

Biomedical
dressings, part of bones and replanted veins.
Pharmacological Encapsulation of medicines for controlled release
packaging

food packaging

Veterinary

Encapsulation of veterinary medical products

Agricultural

Encapsulation of fertilizers
Bags, bottles, disposable item, items of personal hygiene, degradable

Environmental
diapers, remediation of oil spills
Recovery of oligomers and monomers for new use in the synthesis of
Industrial
polymers.
Table 7 – Applications of PHB (dos Santos, A. J., Dalla Valentina, O., Veriano, L., Schulz,
H., Alayo, A., & Tomaz Duarte, M. A. (2017).)
2.1.7 Poly (3-hydroxybutyrate-hydroxy valerate) PHBV
There have been some growing environmental concerns over the reliable availability of
petrochemicals for the polymer industry and the emphasis of shifting resources to the natural
renewable sources has been rampant. PLA’s and PHA’s are some of the materials developed
from renewable substances. Poly (3-hydroxybutyrate) (P3HB) is a representative polymer from
the PHA family, which includes a series of aliphatic polyesters produced by bacteria as carbon
and energy storage through natural biosynthesis. P3HB is a semi crystalline polyester with a
relative high melting point of 173 to 180°C, in comparison with some other biodegradable
polyesters. Its glass transition temperature is around 5°C. The physical and mechanical
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properties such as the tensile modulus and the strength of P3HB are compared with isotactic
polypropylene. However, P3HB has unsatisfactory high brittleness and low thermal stability
which nearly equals the melting temperature. (Czerniecka-Kubicka, A., Frącz, W., Jasiorski,
M., Błażejewski, W., Pilch-Pitera, B., Pyda, M., & Zarzyka, I. (2017). Co polymerizing of
hydroxybutyrate and hydroxy valerate (HV) – (PHBV) exhibits lower crystallinity due to
incorporation with HV. Increasing the HV content decreases the melting point of PHBV
thereby lowering processing temperature and the potential for thermal degradation.

Figure 10: PHBV structure
(Mitomo, H., Barham, P. J., & Keller, A. (1987).) (Avella, M., Martuscelli, E., & Raimo, M.
(2000).) The glass transition, the melting temperature and the modulus is given below
Tg

Tm

Tensile Strength

% Elong. at

Youngs

(°C)

(°C)

(Mpa)

break

Modulus (GPa)

0-30

100-190

25-30

7-15%

0.6-1.0

Polymer

PHB-V

Table 8 – Properties of PHBV

2.2 Material Selection
Below in table 9 is a summary of the physical and chemical properties of the candidate
materials discussed in the previous section. After carefully analysing these properties and
considering other factors (e.g. biodegradation rate, commercial availability, etc) it was decided
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Tg (°C)

Tm (°C)

Modulus
(GPa)

%
Elongation

Tensile
Strength
(MPa)

Homopolymer PP

-10

135 - 167

1.69

109

35.8

Polylactide (PLA)

50 - 70

90 - 180

0.0850 - 13.8

0.5 - 700

14 - 117

Polylactide (PLA) Blend A, high
heat homopolymer

45

190 - 220

3

5

45

Polylactide (PLLA) - semi
crystalline

56

170

4.8

85-105

45-70

Polylactide (PDLLA) - amorphous
polymer

55

None

3.8

6

43

Polycaprolactone (PCL)

-60

60 - 65

0.25

700+

23

Polybutylene succinate (PBS)

-40

115

0.63

330

30

Polybutylene succinate (PBS)

-40

84

0.25

330

24

Poly (butylene adipate-coterephthalate) (PBAT)

-30

116

2.4

90

24

Poly (butylene adipate-coterephthalate) (PBAT)

-30

116

2.03

180

30

Poly (butylene adipate-coterephthalate) (PBAT)

-30

115 - 120

0.13

544

58

-

175

1.85

11

28

-25

161

0.9

15

28

Material

Poly(hydroxybutyrate) (PHB)

Poly(hydroxybutyrate-cohydroxyvalerate) (PHBV)

Table 9 – Material data sheet
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that PLLA is well suited as a potential replacement material to PP for durable applications,
such as a medical device packaging material.

2.3 Polymer Degradation
Degradation can be defined as the deleterious change in the chemical structure, physical
properties and the appearance of the material which may result from chemical cleavage of
macromolecules regardless of the mechanism of chain scission. Biodegradation is the breaking
down of materials by bacterial decomposition resulting in natural by-products such as gases
(CO2, N2), water, biomass, and inorganic salts. Biodegradation results in changes in
mechanical, optical, or electrical characteristics. This can be accompanied by crazing, cracking,
erosion, discoloration, and phase separation. Polymer degradation is classified according to its
degradation mechanism and includes photo-oxidative, thermo-oxidative, ozone-induced,
mechanochemical, hydrolytic and catalytic biodegradation. (Singh, B., & Sharma, N. (2008).)
The practical use of the polymer is the most important consideration when assessing
biodegradability. Polymers are said to have met their mechanical criteria for failure when their
fracture energy (i.e., toughness) has fallen to a pre-determined fraction of its initial value. In
practice, this is beyond the point at which the polymer is still serviceable. Mechanical failures
can also be determined by another approach in thermoplastic polymers which is by the measure
of elongation at break. When the polymer has stretched beyond its elastic limit the material,
reaches the plastic phase and will fail and break on the application of force. A whole lot can be
understood from the changes in the length of the polymeric chain, the forces between the
chains, and the crystallinity at the point of mechanical failure. (Verdu, J. (2012)). Many
biodegradable polymers are semi-crystalline, with the crystalline regions being less permeable
to water which reduces the rate of hydrolysis of such polymers. Crystallinity also increases the
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stiffness, strength, hardness, and density of the polymer. High crystallinity can result in
embrittlement if the polymer film is thin enough. (Laycock, B., Nikolić, M., Colwell, J. M.,
Gauthier, E., Halley, P., Bottle, S., & George, G. (2017).)
Accelerated aging using increased temperature and higher humidity conditions help in the
estimation of polymer lifetime. Such an approach can be used to estimate the rate of
degradation under controlled conditions, such that one could determine the time taken to reach
a specific percentage of degradation corresponding to failure under these conditions. The effect
of temperature on the rate of degradation constant through the exponential dependency by the
Arrhenius relationship can also be estimated. However, the extent to which an Arrhenius
relationship may be used is debatable, as curvature is frequently seen. Changes in the activation
energy for the hydrolytic degradation of biodegradable polymers, above and below their glass
transition temperature (Tg), make it necessary to identify an upper limit for testing temperature
under which the Arrhenius relation is valid for different polymers. There are a lot of
environmental factors contributing to the acceleration of the loss of their properties. (Celina,
M. C. (2013). Celina, M., Gillen, K. T., & Assink, R. A. (2005).)
In one study it was mentioned that the useful lifespan of PLA based compounds needs to be
individually studied and the main differentiating factor is the formulation of the compound.
For interesting durable applications, PLA based compounds with enhanced properties have
been developed in the past. The loss of mechanical properties with accelerated ageing at
temperatures below the melting point has been studied and hence the ageing is extended to a
longer duration of time to avoid the drawbacks associated with high temperature range
Arrhenius extrapolations to room temperature. This study is a thermo-oxidative degradation
study. Degradation mechanisms are different at high temperatures than in the lower
temperatures. Here, the Arrhenius extrapolated data for high temperature could lead to
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inaccurate lifetime predictions at lower temperatures. Arrhenius analysis of accelerated ageing
data have reported some chemical and physical complications in the past and still could be said
that it’s still the most known and used approaches for ageing data analysis. (Anakabe, J.,
Santamaria‐Echart, A., Eceiza, A., Arbelaiz, A., & Zaldua Huici, A. M. (2018)). Lifetime
predictions involve performing accelerated ageing studies where time temperature
superposition can be carried out using the data obtained at different ageing temperatures when
each increase in temperature in turn increases the degradation rate by a multiplicative factor
which is the assumed underlying accelerated ageing. One of the studies had the lifespan
estimation method, which was described in the international classification standards ISO 2578
international standard, to be used which basically aims at determination of thermal endurance
limits of plastics in general. This study as mentioned above is a thermo oxidative degradation
study. The method was a direct application of tensile strength or strain at break criteria to the
Arrhenius relationship. A reasonable time temperature superposition was obtained when the
curves were shifted, and this indicated an Arrhenius behaviour for the PLA blend. The PLA
based systems showed low activation energies and showed lower stability of mechanical
properties than the other compounds. (Anakabe, J., Santamaria‐Echart, A., Eceiza, A.,
Arbelaiz, A., & Zaldua Huici, A. M. (2018)).
New polymer blends and even the existing polymers and its biodegradability under a range of
conditions are to be characterized. Oxo biodegradable (OBD) additives require the presence of
oxygen and some form of activation energy like light (UV) or heat for the initial oxidative
degradation of the polymer back bone. Different OBD additives, using different transition
elements/metals will have variable sensitivity to light or heat. Iron is recognized to be
significantly light (UV) activated. (Vogt, N. B., & Kleppe, E. A. (2009))
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Thermal oxidative degradation of PLA often leads to random chain scission reactions where
the crystallization behaviour changes, and the crystallization temperature drops. Also, because
of the rise in chain scission reaction the molecular weight decreases, and it also affects the
degree of crystallinity. (Rasselet, D., Ruellan, A., Guinault, A., Miquelard-Garnier, G.,
Sollogoub, C., & Fayolle, B. (2014)). For oxidative degradation, this loss in molecular weight
led to the loss of mechanical properties. Oxidation affects the physical and mechanical
properties of the polymer, in agreement with some common behaviors observed during
polyolefin oxidative ageing. The thermal oxidation mechanism of PLA at low temperatures
(T <160 °C) leads to a random chain scission process, responsible for the decrease of the PLA
molecular weight.
The PLA thermal oxidative degradation follows the mechanism shown in figure 11. This
strongly suggests that chain scissions occur randomly along the polymer macromolecules
under thermo-oxidative conditions and validates that degradation is homogeneous through the
film thickness. This hypothesis is made considering that the tertiary CH bond shows the lowest
dissociation energy and that hydroperoxides (POOH) contribute mainly to the oxidation
initiation step and follow a close-loop mechanism. To complete this mechanism, we have to
consider that the structure of the PO° radical can decompose by three possible β-scissions as
shown in figure 12. Among these ones, only path (1) does not produce anhydrides. (Rasselet,
D., Ruellan, A., Guinault, A., Miquelard-Garnier, G., Sollogoub, C., & Fayolle, B. (2014))
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Figure 11 – PLA oxidation mechanism (Rasselet, D., Ruellan, A., Guinault, A., MiquelardGarnier, G., Sollogoub, C., & Fayolle, B. (2014)).

Figure 12 - Possible b-scissions of the PO radical (Rasselet, D., Ruellan, A., Guinault, A.,
Miquelard-Garnier, G., Sollogoub, C., & Fayolle, B. (2014)).

Hydrothermal ageing of PLA has also been studied where the PLA samples have been
immersed in distilled water at room temperature for 2 months while another study raised the
temperature to 30˚C in water for one month and the latter showed that the water absorption was
approximately 1% and followed Fick’s Law. Even the stress at break reduced by 30% just after
a month. Another study found that the strain at break after 10 days and at 65˚C and 100%
relative humidity. (Deroine, M., Le Duigou, A., Corre, Y., Le Gac, P Davies, P Cesar. G., &
Bruzaud, S. (2014))
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Below in figure 13 are the steps involved in polymer degradation by hydrolysis. L is the
thickness of the specimen, Lcrit is the critical sample thickness, λ′ is the pseudo-first-order rate
of hydrolysis and D is the diffusion coefficient. Under a surface erosion mechanism (λ′>D; L
> Lcrit), the polymer is eroded from the surface and the core polymeric material remains intact
(average molecular weight Mn and mechanical properties remain unchanged), until the loadbearing capability decreases steadily as the thickness of the polymer is less than the critical
thickness. At this point the mechanism of erosion shifts to bulk erosion (λ′< D; L < Lcrit),
where the time to failure becomes dominated by the rate of auto-acceleration of hydrolysis
where Mn reaches a critical value Me. From this point, the polymer depolymerizes until the
molecular weight decreases to the point where water-soluble oligomers and monomers are
formed. At this stage assimilation by micro-organisms into biomass or CO2, H2O, CH4, and
other metabolic products. (Laycock, B., Nikolić, M., Colwell, J. M., Gauthier, E., Halley, P.,
Bottle, S., & George, G. (2017).)

31

Manufacturing and Mechanical Engineering Technology
Rochester Institute of Technology

Figure 13 - Steps involved in polymer biodegradation by hydrolysis. (Laycock, B., Nikolić,
M., Colwell, J. M., Gauthier, E., Halley, P., Bottle, S., & George, G. (2017).)
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Figure 14 - Schematic illustration of three types of erosion phenomena: (a) surface erosion
with a growing hydrolysis front (e.g. enzymes), (b) bulk erosion with autocatalysis due to
retained degradation products (e.g. PLA), (c) bulk erosion without autocatalysis (e.g. PLA-coPCL) where water diffusion and catalyst is faster than the reaction rate. (Laycock, B., Nikolić,
M., Colwell, J. M., Gauthier, E., Halley, P., Bottle, S., & George, G. (2017).)

Along with the understanding of the hydrolytic degradation process is an understanding of the
water fluxes in these systems. A common feature of both the oxidative and hydrolytic
degradation process is an increase in the degree of crystallinity. In hydrolytic degradation,
water isn’t readily penetrable into the highly ordered crystalline regions of the polymer and the
sensitivity of mechanical properties to hydrolytic degradation thus depends on the structure
and reactivity of the amorphous region.
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2.4 Combined Heat and Moderate Humidity Environment
In this study, the degradation behaviour is analysed by exposing the material to a combined
heat and moderate humidity environment (60C/45%RH). Hence, we could have two things
going on in the material. Heat aging at 60 °C alone is expected to yield, at most only a moderate
change in the properties (Rasselet, D., Ruellan, A., Guinault, A., Miquelard-Garnier, G.,
Sollogoub, C., & Fayolle, B. (2014)). As such the primary mode of degradation is suspected of
occurring through the hydrolysis of the ester bond and degradation rate and thus the rate of
degradation will depend on many factors such as microstructure, geometry of the part,
thickness and moisture and heat exposure etc.

Figure 15 – Hydrolysis reaction of PLA
The changes in the mechanical and thermal performance of the material were noted and
analysed to draw conclusions about the degradation rates and degradation mechanism. Use of
PLA for durable applications requires the long-term performance assessment but ideally still
maintaining the ability to biodegrade at a rapid rate is desirable upon disposable. Thus the main
challenge for PLA stems from the need to mediate between the improved durability while
maintaining compostability at the end of lifecycle. Crystallinity of PLA not only depends on
the stereochemistry but also depends on many other factors such as the presence of additive
(e.g. nucleating agents, tougheners, etc.), and material process parameters (e.g. shear stresses
and cooling rates) which generally affect the properties of the material. Semi crystalline PLA
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is generally suited for applications requiring stability and stiffness for rigid applications and
amorphous PLA suits more of the film and packaging applications where strength is not the
main factor required.
In this study, injection molding and extrusion grade PLLA’s with different melt flow indexes
were subjected to heat and humidity (60C/45%RH) for a duration of 68 days. Thermal
behaviour, molecular weight, and mechanical properties were monitored as a function of
ageing time through differential scanning calorimetry (DSC), gel permeation chromatography
(GPC) and Instron mechanical testing equipment. Correlation between mechanical
performance and crystallinity and molecular weight were also determined. Scanning electron
microscopic (SEM) imaging, Attenuated Total Reflectance (ATR) Fourier Transform Infrared
Spectroscopy (FTIR) and proton nuclear magnetic resonance spectroscopy (1H-NMR) was
also collected in an effort to clarify observations . (Harris, A. M., & Lee, E. C. (2010).

3. Experimental: Materials
3.1 Materials Used
Commercially available, injection molding and extrusion grades of poly (lactic acid) were
supplied by Total Corbion in pellet form. These grades are sold under the Luminy tradename
were of different melt flow index as described below.
•

L105 (Injection molding grade): High heat PLA, MFI=50g/10min (99%L)

•

L130 (Injection molding grade): High heat PLA, MFI=16g/10min (99%L)

•

L175 (Extrusion grade): High heat PLA, MFI=6g/10min (99%L)
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The Homopolymer PP pellets were supplied by a local manufacturer, Bausch and Lomb (B&L)
and is intended to serve as a representative material used in durable biomedical packaging
applications.
3.2 Sample Preparation
PLA pellets were dried in a desiccating drier at 100°C overnight to remove any moisture
present before injection molding the pellets into plaques. This work was performed at B&L
and injection molding settings are included in the appendix. The plaques were then used to
make ASTM D638 type 5 tensile bars using a stainless-steel die cutter. Tensile bars were
prepared at Delphi Technical Centre, Henrietta, NY using a S-108 hydraulic press from Hudson
Machinery press (Figure 16). Stamping the samples by a die cutter shattered the brittle PLA
because of the application of a non-uniform force. To remedy this, the die cutter was heated in
an oven at about 100°C and then the samples were stamped using the preheated cutter to avoid
shattering of the PLA samples.

Figure 16 - S-108 Hydraulic Press from Hudson Machinery – (To stamp tensile bar samples)

The tensile bars were 0.94-0.97 mm thick, 3.22-3.25 mm in width at the neck region and had a
gauge length of 8mm. The gate section of the plaque was carefully selected as the direction of
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the flow of the material changes the quality and the consistency of the sample. The capabilities
of the sample were tested in both vertical and horizontal orientation at different sections of the
plaque. It was found that the ASTM D638 type 5 tensile bars showed in figure 17 had the least
variation in the horizontal orientation at the centre of the plaque shown in figure 18.

Figure 17 - ASTM D638, type V tensile bar specifications

Figure 18: ASTM D1708 samples cut in horizontal orientation from dry molded plaques at
room temperature using a cutting die.
3.3 Annealing study
Sample plaques obtained via injection moulding might contain residual stresses from the
process and this was confirmed by heating the sample to 60˚C and observing that the specimens
warped to relieve the stress. This is shown in the subsequent figure 19.
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Figure 19 – Warpage of L -175 plaques observed after stress relieving at 60˚C
Once the plaques were collected, their runners and gates were removed, and ASTM D638 type
5 tensile bars were then cut out of the plaques using a hydraulic cutter as described above. The
tensile bars were then stress relieved in a heated carver press to prevent warping in the tensile
samples when they would be subjected to high heat and humidity. To accomplish this, the
samples were placed between two Teflon sheets that were then sandwiched between two heated
metal plates (71 ˚C). The entire metal plate assembly was then placed inside a carver press
which is shown below in figure 20.

Figure 20 – Carver Press
The 71 ˚C temperature was chosen after placing a thermocouple inside the plates without the
samples to see the temperature drop from the metal plate to the Teflon sheets. The temperature
was found to differ from the machine setting by only one degree (Figure 21) and hence, with
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repeated number of iterations, 71 ˚C was selected as the setpoint temperature to ensure a 70 C
annealing temperature between the Teflon sheets.

Figure 21 – Graph showing the temperature of thermocouple in the carver press

DSC was also performed to compare the thermal profile of the unannealed samples to the
annealed samples and no significant change in crystallinity was observed indicating that
annealing only relaxes internal stresses. The crystallinity somewhat decreased for L175, and
this can be attributed to an error in the selection of baseline during integration. In the first
heating cycle the material erases all its processing histories and gives us an comparative
measurement in the second heating cycle. The annealed sample which has already gone through
a heating cycle to remove the residual stresses while processing just went through a single
heating procedure called ramp in the DSC software. The temperature ranges were selected
according to the melting and crystallization temperatures of PLA and PP samples.
The modulus improved for L175 to around 580 MPa and the tensile stress at max force
improved to about 44 MPa post annealing the sample (Appendix) with their processing residual
stresses removed. Also, it was observed that the variation was greater for the annealed samples.
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Similarly, The PLA L-105 as shown in figure 22, samples were tested with modulus at 900
MPa, tensile stress at 51 MPa, and tensile strain at break at 7%. These results were obtained
with a strain rate of 1.25 mm/min.

Figure 22 – Annealed PLA L105 results
PLA L-130 (graph in appendix) the modulus was found to be 907 MPa with a standard
deviation of around 195. The tensile stress at maximum force was found to be at 54 MPa with
a standard deviation of 9MPa and the tensile strain at break was 17% with a standard deviation
of 6.9%. (Appendix) With such variations it was concluded that L -130 needed a bigger data
set for more accurate conclusions.
With PLA L-175 (graph in appendix) the tensile modulus was found to be 916 MPa with a
standard deviation of 52. The tensile stress at maximum force was found to be 65 MPa which
was constant for all the samples. The tensile strain at break was found to be 17.6 % with a
deviation of 7.3% amongst the samples. It is notable to mention that the tensile modulus was
considerably lower than that reported by the manufacturer (about 3500 MPa), and we attribute
this difference to our calculation of the modulus which is based on crosshead position (without
the use of a strain gage).

40

Manufacturing and Mechanical Engineering Technology
Rochester Institute of Technology

3.4 Environmental Ageing
The environmental chamber (Thermotron, SM 8200 series) was set up to 60 ˚C/45% relative
humidity and allowed to stabilize overnight prior to adding samples. The environmental
chamber was to be running for 68 days at the above-mentioned conditions. The chamber is 1.5
ft X 2 ft in dimensions and has 2 levels of stainless-steel stacking as shown in Figure 23. The
samples were placed directly on the grate. The 68-day experiment was interrupted due to the
COVID pandemic, and we had to shut the chamber at day 38 and restart the chamber once
permissions were granted to resume the research with proper precautions and care.

Figure 23 – Interior of the environmental chamber used for heat ageing

4. Experimental: Characterization
4.1 Surface Chemistry - Fourier Transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy is a technique used to obtain an infrared spectrum of
absorption or transmission of a solid, liquid or gas. The FTIR spectrometer consists of a source,
beam splitter, sample compartment, detector, amplifier, A/D convertor and a computer. The
FTIR emits infrared radiation of about 10,000 to 100 cm-1 through the sample. The radiation
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absorbed by the sample is converted into vibrational energy. The resulting signal at the detector
presents this spectrum typically form 4000 cm-1 to 400 cm-1. The chemical structure will
produce a unique spectrum and thus can be used for chemical identification and, in this
instance, to monitor changes in the relative concentration of functional groups over time.
In this investigation FTIR analysis is used to identify and characterize the unknown materials
during the degradation of PLA; that is, it can be used to identify hydroxyl and carboxylic acid
groups formed during degradation. In our case, attenuated total reflectance (ATR) was used
because it takes advantage of the physical properties of light when encountering two materials
with differences in index of refraction. The advantage of this technique is that it requires no
special sample preparation. The key to obtaining good results with an ATR accessory is making
good contact between the sample and the ATR crystal of the sampling device. In this
experiment a diamond ATR crystal was used.

Figure 24 – FTIR instrument to analyse the surface chemistry of the sample.

The infrared spectra were recorded at room temperature on a Perkin Elmer (Frontier MIR/IR
L1280044) FTIR spectrometer in the range of 4000 – 500 cm-1. The FTIR peaks were analysed
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using the Peak height ratio as described by Vert, M., Mauduit, J., & Li, S. (1994) as this allows
for a better comparison by normalizing by an unchanging peak (in this case at 1455cm-1, which
is assigned to the CH3 deformation and known to be suitable as the internal standard for PLA)
Vert, M., Mauduit, J., & Li, S. (1994). The peak height ratio was calculated as follows.

(Equation 1)
Where HPeak X and HRef Peak are the height of the peak under investigation and the reference
peak, AC is the height of the base line and BC is the absolute height of the absorption band of
the functional groups at respective wavenumber. Surface chemistry analysis will be done at
day 0, 34 day 68 as it allows for a characterization of degradation over the experimental time
frame.
4.2 Thermal properties – Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) was used to understand the temperature profile of the
sample. In a heat cool heat cycle the first heating represents the thermal history of the sample
and the second heating is reflective of the thermal behaviour following controlled cooling in
the instrument. The thermal properties were determined using a TA DSC Q100 with nitrogen
purge gas (30 ml/min). Samples of around 10 mg were cut from the ASTM D638 tensile bars
and put in hermitically sealed aluminum pans with a lid. The thermal analysis was performed
in three stages where the sample was heated from 27 to 200 °C at 10°C/min and in the second
stage cooled it down from 200 to -100°C at 10°C/min and the final third stage second heating
from -100 °C to 200°C at 5°C/min. The Heat/Cool/Heat cycles are designed to erase previous
thermal history by heating the material above a transition (glass transition or melting), where
relaxation or molecular rearrangement can occur, then cooling at a known rate before heating
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again. The first heating curve provides the “as received” information. The cooling imparts a
known thermal history. Therefore, any differences observed between similar materials in the
second heating curve are related to real internal differences in the materials (molecular weight)
rather than previous thermal history effects.

Figure 25 – DSC with RCS cooling system

Here, the differential scanning calorimeter determines the temperature and heat flow associated
with material transitions as a function of time and temperature. It also provides quantitative
and qualitative data on endothermic and exothermic processes of materials during physical
transitions that are caused by phase changes and melting oxidation. Properties like cold
crystallization peak temperature (Tcc), cold crystallization enthalpy (ΔHcc), glass transition
temperature (Tg), melting temperature (Tm), and melting enthalpy (ΔHm) can all be measured
using DSC. Some examples of these properties are shown in Figure 26.
The degree of crystallinity (XC) of the PLA samples was calculated using an enthalpy of fusion
per mole of repeating unit of perfect crystal of infinite size (totally crystalline polymer) equal
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to 93 J/g as shown in equation 1 (Matthew et al, Journal of Applied Polymer Science, Vol. 101,
300–310 (2006)).
Xc = [ΔHf – ΔHcc / ω ⋅ ΔHf∞] × 100,

(Equation 2)

where ∆Hf is the heat of fusion; ∆Hcc is the enthalpy of cold crystallization; ΔHf∞ is the
enthalpy of fusion for a crystal (PLA: 93 J/g); ω is the mass fraction of sample. Differential
scanning calorimetry (DSC) was used to understand the temperature profile of the sample with
analysis on days 0, 34, 51 and 68.

Figure 26 - DSC Results showing how Tcc, Tg, and Tm may look upon processing.

4.3 Mechanical properties (INSTRON)
For the mechanical performance of the polymer samples, an Instron 3400 series tensile testing
apparatus was used. Tensile performance of the material was one aspect which was to be
measured and analysed throughout the 68-day period to understand the change in the tensile
performance characteristics. It was to be measured on days 0, 34, 51 and 68. Tensile modulus,
strength at break and strain at break were amongst the parameters analysed. For each time a
total of 8 samples were conditioned and tested. As will be discussed in the results and
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discussion section, at later times samples became brittle and broke prematurely. However, a
minimum of at least 4 samples were tested for any given condition.

Figure 27 - Instron 3400 Series Universal Testing System – Used to Pull Tensile Samples

After the samples were stress relieved, they were exposed to the aging environment in an
environmental chamber with 60 ºC and 45% humidity. The samples were dried
(60C/overnight) post removal from the chamber before being tested on the Instron 3400 series
for mechanical performance. The tensile bars were clamped on the two ends by pneumatic jaws
on the machine with a pressure of about 15 psi. The test parameters were then set on the Instron
software, and the machine would pull the sample with a pre-set pulling rate. The instrument
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software was used to auto-calculate yield stress, modulus, tensile strength at break of the
samples and the standard deviation for all the values.

4.4 Microscopic imaging - SEM (Scanning Electron Microscopy)
The morphology of the surfaces and fracture surfaces of the PLA samples were recorded with
the scanning electron microscope (SEM) operated at 25 kV working voltage using Tescan Vega
3 LMU and Vega TC software. The Tescan SEM includes a fully, continuously retractable
backscattered electron (BSE) detector. A retractable BSE detector is used to allow high
resolution imaging at very short sample working distances. In addition, a continuously
retractable BSE detector allows fine positioning of the detector during imaging in order to
control the “illumination” conditions of the detector. Before the SEM observation, the
specimens were sputter coated with palladium under vacuum.
4.5 NMR (Nuclear Magnetic Resonance Spectroscopy)
Nuclear Magnetic Resonance spectroscopy is an analytical technique used for determining the
chemistry and molecular structure of organic small molecules and polymers. The operating
principal behind the NMR is that the nuclei spins and gets electrically charged. When an
external magnetic field is applied, the transfer of energy is possible between the base energy
and the higher energy level. Then the energy transfer takes place at a particular wavelength
which corresponds to a frequency and then the nuclei spins return back to the base level, energy
is emitted at the same frequency. The signal that matches this transfer of energy is measured
and processed in the form of an NMR spectrum.
In this investigation 1H-NMR was used to determine the degradation of PLA by comparing the
new peaks that were identified in the accelerated aged samples that may either indicate alcohol
or acid end groups. NMR spectra was recorded on a Bruker AMX-360 spectrometer operating
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at 360 MHz and 90.5 Mhz. The samples were prepared by dissolving 10 mg of the material in
1 mL of deuterated chloroform (CDCl3) and the spectra were recorded at room temperature.

4.6 Molecular weight distribution - Gel permeation Chromatography (GPC)
Gel permeation Chromatography is a size exclusion technique used to measure molecular
weight information of aged samples. Results were collected for day 0, 34 and 68. GPC was
carried out on a Shimadzu LC – 2030 Plus GPC with a Shimadzu RID-20A (Refractive index
detector) and was calibrated with Sigma Aldrich Polystyrene standards. Here, the relative
molecular weights and the distribution of the molecular weights will be studied. Two Agilent
ResiPore, 300 x 7.5 mm columns were used with an injection volume of 100 µl and flow rate
of 1.0 ml/min. Column temperature was set at 30°C and HPLC grade Chloroform which is an
excellent solvent was used as the mobile phase. Solutions were prepared at approximate
concentrations of ~2.5 mg/mL in HPLC grade chloroform.

Figure 28 – Gel Permeation Chromatograph
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5. Results and Discussions
5.1 FTIR
5.1.1. FTIR of Pure PLA
In Fourier Transform Infrared spectroscopy the peaks, which are also called absorbance bands,
correspond with the various vibrations of the sample’s atoms when it’s exposed to the infrared
region of the electromagnetic spectrum. Group frequencies are characteristic of small groups
of atoms or functional groups such as CH₂, OH, and C=O. These types of bands are typically
seen above 1,500cm-1 in the infrared spectrum and they’re usually unique to a specific
functional group, making them a reliable means of identifying functional groups in a molecule.
The full FTIR spectra of PLA L175 is shown in figure 29.

L175
0.4
0.3
0.25
0.2
0.15
0.1
0.05
40 00

3500

3000

2500

2000

1500

1000

Absorbance units

0.35

0
500
-0.05

Wavenumber
Day 0

Day 34

Day 51

Day 68

Figure 29 - FTIR Spectra overlay for L175 at various times exposed to aging (60C/45% RH)
PLA shows characteristic stretching frequencies C=0 and CH stretching, in 1745cm-1 and 2995
cm-1 respectively. Bending frequencies for -CH3 asymmetric and -CH3 symmetric are identified
at 1450 cm-1 and 1360 cm-1 respectively.
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5.1.2. Carbonyl region
A characteristic carbonyl group was expected to be seen at 1745 cm-1 which is observed at
1750 cm-1 in the initial days of the aging process. We can see that the initial stretch 1745 cm -1
for the C=O did expand as degradation increased from day 34 to 68. Due to chain scission of
bonds in hydrolysis reaction the carbonyl group is expected to change the ester bonds to an
acid. As a result, C=O stretch shifted from 1750 cm-1 to 1757 cm-1 with degradation time from
day 0 to day 51 and might suggests that hydrolysis has occurred according to the mechanism
presented earlier. However, the absorbance peak shifting back to around 1750 cm-1 on day 68
does not fit this trend and is not explainable.
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Figure 30 – L175 C=O stretch shifted from 1750 to 1757 cm-1 from day 0 to day 68

5.1.3. Hydroxyl region
From the figure 31 which is a magnified view of the FTIR spectra of L175 we can see that a
very strong peak was noticed in the range 3000 – 3600 cm-1 which signifies the presence of a
terminal O-H group. Also shown in figure 31, are peaks in the spectra range from 2800-3000
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cm-1 which signifies the stretching of the hydrocarbons that is the CH2 and CH3 groups. The
formation of –OH and –COOH end groups is taken as an indication of the occurrence of
degradation via chemical hydrolysis.
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Figure 31 – FTIR spectrum for PLA 175 at 3000 to 3800cm-1

5.1.4. C-O stretch region
Considerable changes were noticed at 1188 cm-1 corresponding to the C-O stretch. The range
from 900 cm-1 to 1300 cm-1 shown in the figure 32 shows changes in this this region. These
changes could be due to the chain scission of bonds occurring during the hydrolysis reaction.
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Figure 32 - FTIR spectrum for PLA 175 at 1000 to 1250cm-1

5.1.5. Peak Height Ratios
Thermal degradation treatments were established by comparing the FTIR peak height ratios of
PLA (see equation 1). Four bands were related to PLA degradation for OH (around 3571 cm 1

), C=O stretching (around 1751 cm-1) and C-O stretch (1185 and 1080cm-1). To obtain

comparable results without experimental influence, the height ratios of the peaks were
determined related to the height of the reference peak at 1455cm-1 which is assigned to the CH3
deformation and known to be suitable as the internal standard for PLA. The peak height ratios
of PLA L130 for days 0,34, 51 and 68 are shown below.
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Figure 33 – Peak height ratio for L-130
There is a decrease in peak height from day 0 to day 68 for the –OH group (3571 cm-1). L130
showed an increase in the height at days 34 and days 51 but eventually decreased at day 68.
The appearance of hydroxyl band at around 3400 to 3600 cm-1 indicates the occurrence of
hydrolysis degradation. (Oliveira, M., Santos, E., Araújo, A., Fechine, G. J., Machado, A. V.,
& Botelho, G. (2016)). Amongst the three bands studied the C-O stretch at 1080 cm-1 suffered
a small increase and decreased back at day 68. The peaks in 1751 cm-1 and 1185 cm-1 see a
similar where it initially increases at day 34 and then decreases towards days 51 and 68. These
spectra were not seen in the other materials and are different shown in appendix figures A14
and A15 which is likely due to the differences in pathlength and the inability of correction
(equation 1) to account for these differences.
Heat aging provokes cleavage of long chains into shorter chains via the degradation
mechanism. Hydrolysis along with random chain scission increases the carboxyl end groups
which as well might explain the small change at 1720 cm-1. In our analysis we have selected
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range of wavenumbers and not the exact wavenumber as there is a slight shift for different
days. In subsequent data we will see that the crystallinity of the samples increases which
implied chain scission reactions during aging. Also, because of the variation in the data at
different time intervals, not all materials follow the same trend of peak shifts and hence
observed that FTIR is not a very reliable and suggest further investigation with a transmission
IR or an NMR spectroscopy to determine signs of hydrolysis.

5.2 Gel Permeation Chromatography (GPC)
Gel Permeation Chromatography is useful in determining the molecular weight (e.g. Mn and
Mw) and the poly dispersity index (PDI) of a polymeric material. Gel Permeation
Chromatography (GPC) was carried out on Shimadzu LC 2030 plus detector system equipped
with a refractive index detector (RI) at 30°C using HPLC grade Chloroform as the solvent and
narrowly distributed polystyrene (PS) as the standard. Two Agilent ResiPore, 300 x 7.5mm
columns were used with chloroform as the mobile phase. A flow rate of 1.0 ml/ min was used
along with the eluent. The GPC was calibrated with PS standards provided by Sigma Aldrich.
The calibration curve and the cubic polynomial equation are given in the Appendix (see figure
42) In these standards a range of molecular weights were covered ranging from 500 to 1M
g/mol. A 3rd order polynomial was fitted to the curves (R2 = 0.96) and used for our PLA
analysis. GPC samples were prepared using 2.5 mg/ml (chloroform) of PLA L105 L130 and
L175 pellets, plaques and for samples subjected to degradation for days 34, 51 and days 68 to
analyse the change in molecular weight and the degradation percentage was calculated. These
samples were filtered using a 0.2 mm PTFE filter before analysing in the GPC to prevent any
contaminant from harming the analysis. Below are some examples of the PLA curves obtained
on the GPC (typical curves obtained for L175 day 0 and day 68 shown).
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Figure 34 – L175 Chromatogram view of Day 0

Figure 35 – L175 Chromatogram view of Day 68
On analysis with the calibration curve the weight average and number average molecular
weights were found (Table in appendix). The PDI were also calculated and plotted as shown
below.
From examining the GPC chromatograms and analysing Mw and retention time shown in
Figures 36, 37 and 38, respectively, the PLA L105 exhibits a phenomenon seen only with the
lower Mw materials (i.e. L105 and L130). Primarily with plastic degrading in a heat and
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humidity environment, the peaks in the chromatographs should reduce in intensity and broaden
to account for the larger distribution of oligomers with differing Mw. However, the PLA L105
and PLA L130 show similar results at 34 days. The chromatograph shown in Figure 38 is of
the PLA L175, which does not exhibit the same results that the lower Mw PLA grades do. The
distinct peaks of Mw could have something to do with the crystallinity of the material where
the amorphous parts have mostly degraded leaving portions of the crystalline phase left, thus
leading to the low molecular weight distribution of the monomer products, and larger chains
from the amorphous and crystalline phases that have yet to degrade.

L105 Molecular Weight vs Retention Time
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Figure 36 - Extrapolated Mw and retention time for PLA L105 over the course of being in
pellet form to days 0, 34, 51 and 68
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L130 - Molecular Weight vs Retention Time
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Figure 37 - Extrapolated Mw and retention time for PLA L130 course of being in pellet form
to days 0, 34, 51 and 68

L175 - Molecular Weight vs Retention Time
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Figures 38 - Extrapolated Mw and retention time for PLA L175 over the course of being in
pellet form to days 0, 34, 51 and 68
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The molecular weight was monitored as a function of aging time to assess the amount of
degradation. The molecular weight had a significant decrease over the aging process. After 68
days enough chain scission had occurred with a significant reduction in peak molecular weight.
This can be attributed to the degradation rate and the crystallites acting as barriers to the
diffusion of moisture within the samples. Differences in degradation rates can be due to
material grades and stereochemical makeup and due to crystalline structure and geometry.
(Harris, A. M., & Lee, E. C. (2010)).
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Figure 39 – Weight average Molecular weights for L105, L130, L175 at pellet form which is
- Mw and days 0, 34, 51, 68
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Figure 40 – Number average Molecular weights for L105, L130, L175 at pellet form which is
- Mw and days 0,34,51,68

Several studies have reported the degradation of PLA in phosphate buffer solutions at different
temperatures (Höglund, Odelius, and Albertsson, 2012), (Tsuji and Ikada, 1997), (Weir et al.,
2004), (Stloukal et al., 2016). Analysing these rates of degradation from the articles, the
temperature of the degradation media has critical influence on the stability of the materials. In
order to evaluate the hydrolysis behaviour of pure BDICDI containing PLA at a molecular
level, the changes in molecular weight distribution for pure PLA and PLA with 2% BDICDI
were observed during the hydrolysis experiment and compared in the figure 41 below. Prior to
hydrolysis, both materials - either non-stabilized or stabilized, possessed a narrow, unimodal
and moderately symmetrical distribution with a polydispersity index equal to 1.6.
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Figure 41 - Molecular weight distribution curves for pure PLA (A) and PLA with 2% of
BDICDI (B) during abiotic hydrolysis. (Stloukal et al., 2016)
A different situation arose in the case of PLA with BDICDI content. Firstly, for almost 100
days, the molecular weight distribution broadened out only slightly (the PDI changed from 2.28
to 2.77). After this period, rather rapid MWD changes could be observed, characterized by an
overall shift in the distribution to a lower Mw, and building up a peak of low Mw substances.
At the close of the hydrolysis experiment, the higher molecular weight fraction gradually
disappeared and the PDI decreased. The described trends were detected for all stabilized
samples with an intensity that depended on their BDICDI concentrations. (Stloukal et al., 2016)
The kinetics of degradation in our experiment was modeled using two approaches. The first
assumes a first order kinetic model where autocatalyzed acid hydrolysis from exposed acid
groups is dominant and this has been used to describe the kinetics for hydrolysable polymers
such as PLA and PCL. (Pitt, C. G., Chasalow, F. I., Hibionada, Y. M., Klimas, D. M., &
Schindler, A. (1981)).

𝑀𝑀𝑀𝑀(𝑡𝑡) = 𝑀𝑀0 𝑒𝑒 −𝑘𝑘𝑘𝑘

(Equation 3)
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Or in its linearized form:
ln 𝑀𝑀𝑛𝑛 = ln 𝑀𝑀0 − 𝑘𝑘𝑡𝑡

(Equation 4)

An alternative model assumes random chain hydrolysis and leads to the following (reference
the following paper: (Pan, J., & Chen, X. (2015)).
𝑀𝑀𝑛𝑛 −1 = 𝑀𝑀0 −1 + 𝑘𝑘𝑡𝑡

(Equation 5)
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Figure 42 – Molecular weight best fit with equation 4
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Figure 43 – Molecular weight best fit with equation 5

A plot of our data according to equations 2 and 3 are shown in Figures 42 and 43 respectively
with the results shown in Table 11. As shown the linear fit to equation 2 is best (R2= 0.9)
indicating that the mode of degradation is primarily related to an autocatalytic reaction where
the polymer forms an acid group and because of the bulk degradation taking place the acid
groups cannot escape the matrix. It is notable to mention that at later times that the degradation
kinetics appear to fit the kinetic model indicating that the disruption due to COVID had no
apparent major effect on the results. Still, the relative ranking of materials seems to suggest
that PLA with higher initial molecular weight, particularly for the L175, seems to slow the
degradation as compared to the other two materials. This might be explained by noting that
the rate of chain end scission exceeds that of random chain cleavage for PLA hydrolysis (S.J.
de Jong, E.R. Arias, D.T.S. Rijkers, C.F. van Nostrum, J.J. Kettenes-van den Bosch, W.E.
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Hennink, (2001)), (C.F. van Nostrum, T.F.J. Veldhuis, G.W. Bos, W.E. Hennink, (2004)), (A.
Belbella, C. Vauthier, H. Fessi, J.P. Devissaguet, F. Puisieux (1996)), (F. Codari, S. Lazzari,
M. Soos, G. Storti, M. Morbidelli, D. Moscatelli (2012)). Given that this is the case the rate of
degradation is anticipated to decrease as the molecular weight increases.
Material

k (equation 2)

k (equation 3)

(day-1)

[(day*Da)-1]

L105

0.03

2x10-6

L130

0.04

2x 10-6

L175

0.02

4x 10-7

Table 11: Rate constants derived from equations 2 and 3 for three PLA materials

5.3 Nuclear Magnetic Resonance
1

H-NMR analysis was carried out on the PLA L105, L130 and L175 for days 0 and 68 of aging.

The theoretical chemical shifts were generated for PLA which is presented in figure 44 The
peak locations observed in the experiment varied only slightly different from that predicted.
The spectra were compared to the expected results of the base polymer PLA. Likewise, new
peaks related to degradation products in aged samples were analysed further.
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Figure 44 – Molecular structure of PLA and the molecular weight of the repeat unit

1

H-NMR results of PLA L105, L130 and L-175, all dissolved in deuterated chloroform (CDCl3)

exhibit primary peaks associated with the base polymer. No major peak formations were
observed other than the peaks in the PLA base polymer for unaged samples. All protons
exhibited well separated resonances which shifted up field depending on the location of
repeating units with respect to chain ends. The chemical shifts that were recorded in the proton
nuclear magnetic resonance spectra are presented in table 12 and shown in Figure 45 and 46.
Both the day 0 and 68 degraded samples displayed peaks associated with -CH3 and -CH protons
around 1.52 and 5.6 PPM respectively. A small peak around 4.3PPM was observed in the PLA
130 degradation day 68 sample and this was attributed to the –CH group adjacent to an -OH.
The number average molecular weight was estimated according to the equation: Mn:
(I5.8ppm/I4.4ppm) * molecular weight of PLA repeat unit = 32 * 72 = 2,304 g/mol, which is
somewhat lower than the Mn value determined from the GPC results (Sambha’a, E. L., Lallam,
A., & Jada, A. (2010)). Nevertheless, this result, taken along with FTIR and GPC results,
indicates that simply chemical hydrolysis is responsible for the degradation of these PLA
samples in this environment.

64

Manufacturing and Mechanical Engineering Technology
Rochester Institute of Technology

Figure 45 – Proton NMR of PLA L130 day 0

Figure 46 – Proton NMR of PLA L130 day 68
The most intense signals were assigned to CH (5.2 ppm) and CH3 (1.60 ppm) from the repeat
unit, L-lactic acid. Two sets of signals were expected for both CH and CH3.
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PLA L130
Proton Intensity Ratio
Sample

CH3 (PPM) Integration

CH (PPM)

Integration
(CH3/CH)

Day 0

1.60 - 1.27

3.27

5.20 - 5.12

1

3.27

Day 68

1.60 - 1.27

3.12

5.20 - 5.12

0.97

3.22

Pellet

1.60 - 1.27

3.26

5.20 - 5.12

1

3.26

Table 12 – Proton intensity ratio for PLA L130 for days 0 and 68 and the pellets
NMR is of great importance to investigate the ultimate stages of the degradation of PLA
through monitoring the chain end units. All measurements were made at a temperature of
25 °C.

Figure 47 – NMR spectrum for PLA L130 on degradation day 68
PLA 130 samples degraded on day 68 the HNMR suggests that ageing led to formation of
alcohol at intensity of around 4.4 PPM. The day 68 spectra were compared to the day 0 spectra
results of the base polymer PLA and the peaks which were formed were the new degradation
products that were to be analysed further. The peaks can be attributed to the degradation
products which are formed over the period of ageing.

66

Manufacturing and Mechanical Engineering Technology
Rochester Institute of Technology

5.4 Thermal properties – (DSC)
DSC measurements were conducted for both PP and the three PLA materials for days 0, 34,51
and 68. The results for these are represented in the appendix figures A7-A10 with heat cycle
one and two and show melting temperature (Tm), Glass transition temperature (Tg),
crystallization temperature (Tc), melting enthalpy (Hm), and crystallization enthalpy (Hc). The
degree of crystallinity was determined by subtracting the enthalpy of crystallization from the
enthalpy of melting and dividing by the enthalpy of melting for 100% crystalline PLA (93 J/g)
as indicated previously. DSC results for annealed and unannealed samples are included in the
Appendix (Figures A8, A9, A10). Below in figure 48 are the results for the crystallinity
determine during first heating of all the materials.
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Figure 48 – 1st heat crystallinity through days 0, 34, 51, 68
The crystallinity of the L105, L130 seem to increase similarly from day 0 to 34 and stabilize
from day 51 to 68. In contrast, L175 follows the same pattern but the crystallinity doesn’t
increase from day 0 to day 51 as rapidly as that observed for the L105 and L130 materials. The
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crystallinity over the course of time for L105, L130 and L175 from 13% -14% at day 0 to about
50% by day 68. In contrast, the crystallinity of PP remains relatively unaffected over this same
time span.

Figure 49 – Overlay of Day 68 curves for PP, L105, L130, L175
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Figure 50 – 1st heat DSC data for L105, L130 L175 and PP for Days 0,34,51,68

The crystallization endotherm peak was denoted by Tc, while the melting endotherm was
denoted by Tm. The crystalline content was monitored over days 0, 34, 51 and 68. The cold
crystallization peak is not seen in the first heat cycle and the size of the melting endotherm
increases. The crystalline content in the sample increases with time. From figure 50 we can say
that the samples that were used in the current investigation with lower crystallinity and the PLA
samples with low initial crystallinity that were used by Weir et al also had reached maximum
crystallinity of 55% at the end of degradation time. This has been observed by Zachary Divasta,
a student who studied the hydrolysis resistance of these same PLA materials at full
immersion/50C (Divasta capstone paper, 2020). It is suspected that the increase in
crystallization temperature is a result of shorter chains with higher molecular mobility who are

69

Manufacturing and Mechanical Engineering Technology
Rochester Institute of Technology

able to crystallize at the elevated temperature aging conditions. As such the increase in
crystallinity is taken as an indication that chain scission had occurred.
Crystallinity does increase with degradation time as the long polymer chains tend to break into
smaller segments. These formed small polymer chains are highly mobile and more capable of
reorganizing and this can lead to an increase in crystallinity. But the crystals that are formed
during degradation are not sufficient to prevent degradation as molecular damage has already
occurred. However, we can see difference in crystallinity between that the crystals that are
formed during degradation versus those that are formed before degradation which would serve
as a barrier to ingress of water into the matrix. From figure 50 we can say that the samples that
were used in the current investigation with lower crystallinity and the PLA samples with 47%
initial crystallinity that were used by another research group also had reached maximum
crystallinity of 55% at the end of degradation time. (Weir, N. A., et al. (2004)). As a result, one
path forward is to use nucleating agents to enhance the crystallinity during molding which is
discussed in future work. Over the duration of increased crystallinity till day 51 of PLA L 105,
L130 and L175, its observed that the mechanical stiffness of the materials also increases. From
day 51 to day 68 the modulus of all the materials drops to a significantly low value. This
phenomenon will be discussed in the next section.

5.5 Mechanical properties (INSTRON)
Mechanical properties showed tremendous drop throughout the course of the experiment. The
materials broke within the grips prior to the tensile test starting, implying that the samples were
brittle and fragile. The reason for this behaviour is attributed to heat aging/water uptake that
resulted in hydrolysis, breaking down the long polymer chains. The polymer chains were left
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broken within the material, showing a loss in the average Mw and Mn of the materials and a
loss in mechanical strength.

Figure 51 – Stress vs strain curves for PP, L105, L130, L175 at day 0

Figure 52 - Stress vs strain curves for PP, L105, L130, L175 at day 68
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The tensile behaviour of the samples was difficult to obtain at later stages of degradation thanks
to the brittle nature of the PLA grades that were used where some of the samples broke within
the hydraulic grips. The tensile data for PP in figure 52 shows PP is much tougher where a
yield point is observed followed by a constant stress until the sample breaks at much higher
elongation. This behaviour is different for the PLA where the elastic deformation of the
material is observed initially, but then breaks immediately at a certain point, meaning the yield
strength and ultimate tensile strength are the same in this case. 6 to 7 samples were tested
mechanically and the variation in the results was significant. For example, the standard
deviation for the elongation at break of PLA130 was 4MPa. The above figure 52 is a good
representation of what happens to the PLA samples when subjected to aging. After 68 days,
many of the samples were too brittle for the pneumatic grips and broke instantly, hence the
reduced sample size for L130. This indicates the decreased mechanical properties of the PLA
samples over a period. Also, the variation between the samples of L105, L130 and L175 was
significant. The y axis error bars in figures 53, 54,55 and 56 reveal the deviation in the sample
data.

Tensile stress at max force (MPa)

80

PP

Tensile stress (MPa)

70

L-105

60

L-130

50

L-175

40
30
20
10
0
-10

10

30

Days

50

70

90

Figure 53 – Tensile stress at max force for PP, L105, L130, L175.
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Figure 54 – Tensile force at break for PP, L105, L130 and L175 over 0,34,51,68 days

Using PP and stress-relieved PLA samples, data for Day 0 was initially gathered to find the
modulus, tensile strength at yield, strain at break, and strain at yield of all the materials prior
to undergoing aging. The tensile stress at max force and at break measured in figures 53 and
54 were not very different when looking at the impact of the two states. The PP looked to stay
around 25 MPa, whereas the PLA grades started out around 50-55 MPa, and within the first 15
days drop below 30 MPa. Thermal behaviour of PP revealed that the crystallization temperature
and the degree of crystallization remained unchanged over the aging period. The melting
temperature reduces in the range of 2 ºC over the 68-day period. Not unexpectedly, it is clear
to see that PP is superior at retaining its physical properties when subjected to thermal aging.
After 34 days, the different grades of PLA see a large reduction in the integrity of the material,
where the tensile stress is less than 10 MPa for L105 and L130.
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Figure 55 – Tensile strain of PP, L105, L130, L175 over 0,34,51,68 days

PLA is not known for having a high elongation at break, which is supported by the Day 0; as
shown elongations of 7 - 10% were observed for the PLA L105, L130, and L175, respectively.
The PP, however, has an initial strain at break of about 50%. All grades of the PLA drop to
less than 3% elongation at Day 51 in both L105 and L130. L 175 has a slightly higher value.
The increase in crystallinity is responsible for the decrease in elongation in PLA. The strain
values of all the materials increase from day 51 to day 68. PP experiences a much larger change
with respect to the strain at break as the value drops a little over 50% within 51 days and
increases at 68 days of testing. However, these values are calculated based on the sample set
with a high variation. As you can see in the above figure 55 and 56, the error bars denote the
standard deviation of the samples set and conclusions drawn from these last data points should
consider the high variability of these rather brittle and somewhat unpredictable specimens.
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Figure 56 – Modulus of PP, L105, L130, L175 over 0,34,51,68 days

The PLA L105 was the only material that exhibited an increase in the modulus from Day 0 to
Day 51 in figure 56, whereas the PLA L130 sample saw about 25% loss in the modulus after
34 days. For L175 a 10% loss in modulus was observed in the first 34 days and then increased.
In contrast, the modulus of PP increased from day 0 to 34 and reduced back to the initial value
from day 34 to 68. The crystallinity remains constant from day 51 to day 68 which implies that
it’s reached its max crystallinity. The sample molecular weight also reduces gradually from
day 0 to day 68. The samples became more brittle at days 68 indicating decreased mechanical
integrity. A significant growth in the crystalline content of the sample during the heat and
humidity conditioning was also observed. The crystallization of the PLA was facilitated both
by the plasticization effect of the moisture and the decrease in the molecular weight. (Harris,
A. M., & Lee, E. C. (2010)) In a similar aging study, PLA was aged in distilled water and the
the modulus was tracked as a function of time at four temperatures (25, 30, 40 and 50C). The
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modulus increases for all samples at short times but after longer times was found to decrease
for all but the 25C exposure. This was explained as resulting from both reversible changes
(e.g., plasticization) at short times and irreversible, chain scission at longer times. Moreover,
at short times it was explained that degraded PLA chains should exhibit enhanced mobility and
therefore crystallize easily, and we suspect that this may explain the initial increase in modulus.
(Deroiné, M., Le Duigou, A., Corre, Y. M., Le Gac, P. Y., Davies, P., César, G., & Bruzaud,
S. (2014)) From these similar studies we can summarize that the modulus of the material goes
up when the crystallinity increases. We also know that when degradation occurs in each
material the modulus of the material decreases. Now, because of the water absorption by the
polymer, plasticization occurs and the oligomers are produced resulting in the glass transition
temperature and modulus to reduce. Thus, the modulus at any given time is likely dependent
on which dominating mechanism is at play at any given time during the aging process.
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In figure 57, we can see that as the molecular weight decreases, we observe directly
proportional behavior of decreased stress at break. This plot suggests that tensile strength
losses begin to be experienced when Mw is reduced somewhere in the range of 85-100kDa.
Thus, starting with a higher molecular weight polymer (e.g. L175) increases the time before
macroscopic properties start to decline. Our findings were like the findings in another research
by Harris, A. M., & Lee, E. C. (2010) mechanical properties decreased with decreasing
molecular weight and increased crystallinity under similar heat aging conditions.

5.6 Microscopic imaging - SEM (Scanning Electron Microscopy
The scanning electron microscopy images of PLA 105, PLA 130 and PLA 175 samples are at
a linear distance of 5 micron. Typical changes occurred on the surface of the samples from day
0 to day 68.

a

b

Figure 58 - SEM L-105 at 5-micron (a) Day 0 (b) Day 51 (c) Day 68

c
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Figure 59 - SEM L-130 at 5-micron (a) Day 0 (b) Day 51 (c) Day 68

a

b

c

Figure 60 - SEM L-175 at 5-micron (a) Day 0 (b) Day 51 (c) Day 68

At day 0 the surfaces of all the materials at magnification of 5 micron were very smooth and
there was no evidence of pores or white circle like structures. The highest number of pores or
abrasive like pockets were observed in PLA 105 followed by PLA 130 samples with
“sponge” like structures. There weren’t many structures observed on the surface of the PLA
175 samples. From the SEM micrographs we can say that the PLA 105 samples did undergo
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degradation rigorously from day 34 to 68 and this is supported by the mechanical data
presented earlier. The samples became extremely brittle at day 68. Upon magnification of the
fracture points, it was evident that the degradation that was taking place due to the prolonged
exposure to heat ageing conditions was more bulk degradation than a surface one. Some
micropores were formed around the fracture pits at the end of the 68-day heat ageing period
for the L105 and L-130 samples. Due to degradation, the surface looks like its eroded at the
fracture points and evident pits are seen upon magnification. There was visible roughness to
the naked eye at early stages of the heat aging indicating surface erosion which eventually
disappeared. With advancing degradation through days 0 to 68, we don’t see much roughness
on the surface with the naked eye suggesting the process of bulk degradation. This indicates
that the holes in the images are signs of bulk degradation which are formed gradually.
Furthermore, the samples become brittle after 34 days of heat ageing and increasing the rate
of hydrolysis which can also be considered as the reason for the micropores and the surface
pits which develops in the bulk of the material. In our study we have found that the bulk
degradation dominates all three PLA’s, the L105, L130 and the L175 where mainly the
presence of lactic acid and its dimer in the degradation medium may indicate the bulk erosion
(more rapidly in the polymer matrix than at the surface).

6. Conclusion
This study shows for the first time the durability behavior of the commercially available
injection molded and extrusion grade PLA exposed to high temperature and a low relative
humidity condition. Previous research has shown the durability performance of PLA materials
for packaging films and disposable applications exposed to heat and humidity, as well as the
durability of highly crystalline PLA in accelerated aging conditions. This study is focused on
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the temperature and humidity durability performance of rigid injection molded PLA. As
expected, the flexural strength and molecular weight of the PLA samples decreased over
conditioning time. The crystallization of PLA was facilitated by both the plasticization effect
of the moisture and the decrease in the molecular weight. Over the course of conditioning
exposure, advanced molecular degradation was observed. Material characterization techniques
of the samples did provide the following insights:
1.

1

H-NMR results identified a peak at 4.4 which is attributed to the -OH group for the

PLA 130 and PLA 175 sample on degradation day 68.
2. FTIR results showed a significant increase in the peak bands around 3000 cm-1 (peak
is identified for OH group) and 1700 cm-1 (peak is identified for C=O).
3. DSC results for the PLA samples did show a gradual increase in crystallinity for all the
three PLAs as the degradation time increased from day 0 to day 51 and stayed constant
from day 51 to day 68.
4. SEM results indicate the presence of abrasive pockets in the bulk of the material
indicating bulk degradation of heat aging samples.
5. GPC analysis showed that the molecular weight decreases gradually for all three PLAs
from day 0 to day 68. However, the kinetic rate constant of the L175 sample were about
1.5-2X less than the other two samples suggesting that a higher molecular weight
material is more resistant to degradation.
6. Mechanical properties also decreased with time making the samples of all three PLA’s
very brittle and lose their mechanical integrity.

While the performance of unaged PLA could serve as a PP replacement in durable
applications, its performance at 60C/45%RH is inadequate for use in this type of
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application. Several strategies exist to improve the durability performance of PLA based
materials. We suspect that the low crystallinity is responsible for the high biodegradation
rate and hence we plan to prepare PLA with nucleating agent to improve its mechanical
properties and control the biodegradation rate. A second approach planned is to blend PLA
with scavengers or sacrificial compounds that react with moisture before hydrolysis can
occur, as well as capping functional end groups. Additives such as carbodiimides can alter
the rate of degradation of PLA and experimentation with a polymeric carbodiimide is
currently underway. Comparing the results of the current investigation with lower
crystallinity PLA samples, to the PLA samples from Weir’s group (Weir, N. A., et al.
(2004)) which was of very high crystallinity showed that the rate of crystallization for PLA
at similar conditions were much slower. PLA samples with lower crystallinity and
carbodiimide additive in Petr’s (Stloukal, Petr, et al (2016)) investigation did show that all
do suffer same amount of degradation loss by the end of the degradation period. Petr et al
showed that BDICDI (bis(2,6-diisoproprylphenyl) carbodiimide) acts as stabilizer that
suppresses hydrolytic scission of ester bonds of PLA and triggers preservation of thermal
and mechanical properties. That leads to a new future investigation pathway about the
ability of a nucleating agent to improve upon the degree of crystallinity of PLA samples
and assess their hydrolysis resistance. This study opens doors and pathways for various
other scientists and researchers to delve into the world of biodegradable polymers and
create materials to replace the existing ones in the single-use plastic space. Finally,
polymers were the wonder material of the 19th century, and we should make biodegradable
polymers the material of the 20th.
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Appendix A
Drying PLA Resin

Parameter

Amorphous Standard PLA

Drying time
Air Temperature
Air Dew Point

24 hours
40C
< -40C

Pre-Crystallized Crystalline PLA homopolymers
PLA
(L105,L130,L175)
4-6 hours
100C
< -40C

4-6 hours
100C
< -40C

Table A1 - Injection Molding Parameters
•

Taken from the Corion Purac processing guide

•

During plaque molding resin was fed into the injection molder every 10 to 15 mins to
alleviate effects from the atmospheric moisture.
Injection Molding Parameters
Parameter

L105

L130

L175

Resin pellet Mw (Da)

126000

165400

225800

Throat
Feed Zone
Compression Zone
Metering Zone
Nozzle
Melt Temperature
Mold Temperature (C)
Screw RPM

40
193
216
218
210
215
35
150

40
193
216
218
210
215
35
150

40
202
227
232
224
221
35
175

Injection pressure (ksi)

11

11.5

11.8

cycle time (sec)
Dry time

34

Figure A1 – Injection molding parameters

38
24 hrs @ 40C

64
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Instron data for annealed samples

Figure A2 – Instron data for annealed L105

91

Manufacturing and Mechanical Engineering Technology
Rochester Institute of Technology

Figure A3 – Instron data for annealed L130
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Figure A4 – Instron data for annealed L175
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DSC Curves

Figure A5 – DSC results of L105 Unannealed vs annealed samples

Figure A6 – DSC results of L130 Unannealed vs annealed samples
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Figure A7 – DSC results of L175 Unannealed vs annealed samples

Figure A8 – Day 0 1st heat comparison between PP, L105, L130, L175
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Figure A9 – Day 34 1st heat comparison between PP, L105, L130, L175

Figure A10 – Day 51 1st heat comparison between PP, L105, L130, L175
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Figure A11 – Day 68 1st heat comparison between PP, L105, L130, L175

2nd heat cycle crystallinity (%)
60

Crystallinity (%)

50
40
L-105

30

L-130
L-175

20

PP

10
0
0

10

20

30

40

50

60

70

80

Days

Figure A11 – 2nd heat crystallinity for PP, L105, L130, L175 for days 0, 34, 51, 68
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Day 0
Compund
PP
L-105
L-130
L-175
Day 34

Hm (J/g)
92.81
43.96
37.59
39.73

Tm (°C)
163.57
172.7
174.32
176.15

Hc (J/g)
0
7.919
18.76
26.54

Tc (°C) Crystallinity %
44.8
101
38.8
103.1
20.2
105.3
14.2

Compund
Hm (J/g)
Tm (°C) Hc (J/g) Tc (°C) Crystallinity %
PP
89.16
164.6
0
43.1
L-105
49.65
171.1
10.84
96.7
41.7
L-130
47.71
171.3
19.33
97.4
30.5
L-175
37.95
174.7
22.53
101.7
16.6
Day 51
Compund
Hm
Tm
Hc
Tc
Crystallinity %
PP
100.2
163.1
0
48.4
L-105
47.9
163.37
0.312
89
51.2
L-130
51
162.3
6.061
89.45
48.3
L-175
47
172.4
24.66
96.85
24.0
Day 68
Compund
Hm
Tm
Hc
Tc
Crystallinity %
PP
91.66
162.84
0
44.3
L-105
46.66
158.42
0
50.2
L-130
48.8
157.09
0
52.5
L-175
46.94
172.52
29.94
97.62
18.3
nd
Table A2 – 2 heat cycle for crystallinity and glass transition calculations

Tg
44.8
57.1
57.1
58.3
Tg
43.1
55.57
55.9
58.1
Tg
48.4
49.5
50.6
55.29
Tg
44.3
50.2
52.5
53.86
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FTIR Results

L130
0.7

0.5
0.4
0.3
0.2
0.1
50 00
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0
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Day 34

Day 51

Day 68

Figure A12 – FTIR Spectra overlay for L130

L-105

Absorbance units

1.2
1
0.8
0.6
0.4
0.2
0
5000
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2000

1000

Wavenumber
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Day 34

Day 51

Figure A13 – FTIR Spectra overlay for L105

Day 68
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1.6000

Peak Height Ratio

1.4000
1.2000
1.0000
0.8000
0.6000
0.4000
0.2000
0.0000
H3571
Day 0

H1751
Day 34

Day 51

H1185

H1080

Day 68

Figure A14 – Peak height ratio for L105
1.8000
1.6000

Peak Height Ratio

1.4000
1.2000
1.0000
0.8000
0.6000
0.4000
0.2000
0.0000
H3571
Day 0

H1751
Day 34

H1185
Day 51

Figure A15 – Peak height ratio for L175

Day 68

H1080
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Figure A16 – L130 stress relieved sample curves and data
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Figure A17 – Instron results for day 34 for PP, L105, L130, L175

Christopher Lewis
2021-08-18 13:53:00

-------------------------------------------Need to fix this.

Figure A18 – Instron results for day 51 for PP, L105, L130, L175

Christopher Lewis
2021-08-18 13:53:00

-------------------------------------------Need to fix this.

102

Manufacturing and Mechanical Engineering Technology
Rochester Institute of Technology

GPC

Figure A19 – Overlay of PS Standards for GPC calibration

Figure A20 – Calibration curve with Cubic polynomial equation
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Mz
(Daltons)
81231
119281
171373
PLA, L105, Resin Sample (Pellet)
66137
108005
162598
PLA, L105, Control Sample (day 0)
25639
42712
63063
PLA, L105, 34 Days
9190
14263
21097
PLA, L105, 51 Days
7591
10550
16268
PLA, L105, 68 days
104854
168109
253944
PLA, L130, Resin Sample (Pellet)
92700
145327
211680
PLA, L130, Control Sample (day 0)
23814
39058
57084
PLA, L130, 34 days
8429
11131
14923
PLA, L130, 51 days
7413
9468
12497
PLA, L130, 68 days
151499
236184
355197
PLA, L175, Resin Sample (Pellet)
133347
195846
279478
PLA, L175, Control Sample (day 0)
46995
84543
130173
PLA, L175, 34 days
53984
80805
119317
PLA, L175, 51 days
25741
52450
82914
PLA, L175, 68 days
Table A3 – Molecular weights of L105, L130, L175 pellet form, days 0, 34, 51, 68
Sample ID

Mn (Daltons) Mw (Daltons)

Figure A21 – L105 Chromatogram view from GPC at day 0

PDI
1.5
1.6
1.7
1.6
1.4
1.6
1.6
1.6
1.3
1.3
1.6
1.5
1.8
1.5
2.0
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Figure A22 – L105 Chromatogram view from GPC at day 34

Figure A23 – L105 Chromatogram view from GPC at day 51

Figure A24 – L105 Chromatogram view from GPC at day 68
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Figure A25 - L130 Chromatogram view from GPC at day 0

Figure A26 - L130 Chromatogram view from GPC at day 34

Figure A27 - L130 Chromatogram view from GPC at day 51
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Figure A28 – L130 Chromatogram view from GPC at day 68

Figure A29 – L175 Chromatogram view from GPC at day 0

Figure A30 – L175 Chromatogram view from GPC at day 34
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Figure A31 – L175 Chromatogram view from GPC at day 51

Figure A32 – L175 Chromatogram view from GPC at day 68

